In this report, a rapid and selective analytical method for the determination of monoterpenes in Alpinia zerumbet essential oil (AZEO) by gas chromatography (GC) flame ionization detection (FID) was developed, optimized and validated. The suitability of six different capillary columns was investigated by polarity phase constants calculated based on the methodology proposed by Rohrschneider and McReynolds. The most suitable column was then used in a central composite design applying the following GC factors to investigate responses based on peak resolutions and analysis time: initial oven temperature, heating rate and carrier gas flow rate. The optimized method has initial oven temperature of 60 o C, heating rate of 5.1 o C min -1 and flow rate of 1.0 mL min -1 using the DB-35 capillary column. The validation acceptance criteria were met in all cases. The method was successfully applied for the quantification of major monoterpenes found in AZEO in different samples of Alpinia zerumbet.
Introduction
The Alpinia genus includes a various number of aromatic species that have extensive medicinal uses in various parts of Asia and the Americas. Alpinia zerumbet (Pers.) Burtt. et Smith, also called Alpinia speciosa K. Schum is abundant in Northeast Brazil, where it is commonly known as "colônia". 1 The medicinal properties of this species are related to different parts of the plant, including leaves, flowers and rhizomes. 2 A field research conducted in Ibiúna, São Paulo, Brazil, revealed the use of A. zerumbet volatile fraction in respiratory disorders. 3 In the state of Pará, Brazil, "colônia" flowers tea was widely used as sedative, 4 for chest pain and headache. 5 Moreover, A. zerumbet is mostly recognized for its use as anti-hypertensive, normally using infusions or decoctions of its leaves as traditional medicine. 6, 7 Bezerra et al. 8 suggested that the hypotensive active principle of A. zerumbet may be the essential oil of this plant, either alone or in conjunction with other nonvolatile agents present. A number of pre-clinical studies confirmed that the A. zerumbet essential oil (AZEO) is very effective and potent in regulating arterial pressure, justifying the use of this plant in folk medicine for the treatment of hypertension. [9] [10] [11] [12] [13] Those authors indicated that the monoterpenes are the main class responsible for the antihypertensive activity of this oil. These substances are secondary metabolites belonging to the class of terpenes that consist of two isoprene units, responsible for several pharmacological properties of medicinal plants including antifungal, antibacterial, antioxidant, anticancer, antiarrhythmic, anti-aggregating, local anesthetic, antinociceptive, anti-inflammatory, antihistaminic and anti-spasmodic activities. 14 Chemical studies revealed that terpinen-4-ol is the major monoterpene of AZEO, followed by 1,8-cineole and γ-terpinene.
9,10,13,15, 16 Lahlou et al. 10 investigated the hypotensive properties of this oil and terpinen-4-ol, both decreased blood pressure in conscious hypertensive rats. A similar study was carried out by Pinto et al., 12 using 1,8-cineole instead of terpinen-4-ol, both showed cardiovascular effects. Therefore, these substances may be directly related to the hypotensive activity of the AZEO, which justifies the development and validation of an analytical method for their determination, in order to correlate the antihypertensive activity with the amount of these substances in the volatile fraction and support studies of other pharmacological properties. Chemical studies found in the literature about AZEO are usually associated with pharmacological studies. In those reports chemical analysis were performed by gas chromatography (GC), mostly using capillary columns coated with 5% phenylmethyl-polysiloxane and peaks were quantified by area normalization using analytical methods not validated but sufficient to fulfill their proposed objectives. 9, 10, 13, [15] [16] [17] [18] [19] GC is the analytical technique of choice for essential oil samples. The ability of a GC method to successfully separate volatiles in a shorter analysis time is determined by many factors. Statistical design of experiments has been successfully applied for the identification of the significant factors, for each analysis, resulting in better analytical methods. Zubair et al. 20 optimized a faster GC method for the analysis of total petroleum hydrocarbons in contaminated soils using a factorial design to identify the significant factors and a central composite design to optimize the best analysis conditions. Vallejo et al. 21 applied experimental designs such as Plackett-Burman and central composite design to optimize factors related to the GC programmable temperature vaporization inlet and large volume injection in order to determine estrogenic compounds in environmental samples.
The aim of this paper is the development, optimization and validation of an analytical method for the determination of AZEO monoterpenes by GC with flame ionization detection (FID) using polarity phase constants and statistical design of experiments.
Experimental

Chemicals and reference
Chromatography-grade methylene chloride was purchased from Tedia (Fairfield, OH, USA) and was used to prepare the sample and standard solutions. The analytical standards γ-terpinene (97%), 1,8-cineole (99%), (+)-terpinen-4-ol (≥ 98.5%), thymol (≥ 98.5%), α-pinene (98%), (-)-β-pinene (99%), R-(+)-limonene (97%), caryophyllene oxide (90%), β-caryophyllene (≥ 80%) and the alkane standard solution (C 8 -C 20 ) were purchased from Sigma-Aldrich (St. Louis, MO, USA); linalool (97%) was purchased from Acros Organics (Geel, Belgium). . About 1.0 kg of the fresh leaves of each specimen were chopped and immersed in 6 L of distilled water contained in a 12 L flask. The essential oil was extracted for 3 h using a Clevenger apparatus. The temperature of water inside the condensers was maintained constant at 10 o C. The essential oils obtained were weighed, transferred to sealed vials and stored in a freezer. Solutions of AZ1 essential oil were prepared at 3.0 mg mL -1 concentration and were used to characterize the essential oil monoterpenes, select the capillary column and perform the experimental design for method development and optimization.
GC instruments
An Agilent Technologies GC system model 6890N equipped with a 7683 automatic liquid sampler and a 5973 network mass selective detector (Santa Clara, CA, USA) was used for characterizing the essential oil constituents.
An Agilent Technologies GC system model 7890N equipped with a 7693A automatic liquid sampler and FID was used for selecting the GC capillary column, to perform the experimental design for method optimization, validate the optimized method and determine the constituents with the validated method. 
Characterization of essential oil constituents
The AZ1 essential oil constituents were characterized by GC-mass spectrometry (MS) using the preliminary method with 70 eV electron impact ionization energy. The MS transfer line and the ion source temperatures were set to 280 and 230 o C, respectively. Electron ionization mass spectra were acquired with a mass range of 50-700 Da. (1) where t c is the retention time of a monoterpene, t n is the retention time of preceding n-alkane, t n + 1 is the retention time of subsequent n-alkane and n is the carbon number of preceding n-alkane. 
where LRI (stationary phase) is the LRI of a monoterpene calculated for a stationary phase of interest and LRI (DB-1) is the LRI of this monoterpene calculated for the stationary phase of DB-1 column. Two polarity phase constants averages were calculated for each column, one for monoterpenes hydrocarbons and another for oxygenated monoterpenes. The columns with the larger polarity phase constants averages were selected for further testing by statistical design of experiments.
Statistical design of experiments
Two central composite designs were performed. The first was performed in the selected columns, DB-35 and DB-1701, and the second was performed only in DB-35 column. Three GC parameters were chosen as factors for these designs: initial oven temperature, oven heating rate and carrier gas flow rate. Tables 1 and 2 show the experiments performed.
The selected responses were: the resolution between myrcene and β-pinene peaks, the resolution between 1,8-cineole and p-cymene peaks and analysis time. The resolutions were obtained from Agilent Technologies Table 1 . Experiments of first central composite design 
ChemStation
® software. The mathematical modeling using the DB-35 column was performed by response surface methodology. 25 For each response, a prediction model was calculated such as: 
Sample and standards preparation
For method validation and application, thymol was used as an internal standard. All samples and standards were prepared and dissolved in a 500 μg mL -1 solution of thymol in methylene chloride. For monoterpenes determination, essential oil samples of AZ1, AZ2, AZ3, AZ4 and AZ5 specimens were prepared at concentrations about 2.0 mg mL -1 .
Method validation
The optimized method was validated using 1,8-cineole, γ-terpinene and terpinen-4-ol standards normalized by thymol internal standard. The validation procedure was performed based on the guidelines of the International Conference on Harmonization (ICH), 27 in which the following validation parameters were calculated: selectivity, linearity and linear range, precision (repeatability and intermediate precision), recovery, limit of detection (LOD), limit of quantitation (LOQ) and robustness. Method selectivity was determined by mass spectral peak purity analysis in the GC-MS system. Linearity was established by the analysis of six solutions with concentrations ranging from 64 to 640 μg mL -1 for 1,8-cineole, from 32 to 320 μg mL -1 for γ-terpinene and from 80 to 800 μg mL Robustness was investigated by factorial design of two levels. For the initial oven temperature the range was between 59 and 61 o C. For the heating rate the range was between 4.1 and 6.1 o C min -1 . For the carrier gas flow rate the range was between 0.9 and 1.1 mL min -1 . This design was performed within a small range between the smallest and the largest condition of the factors, totaling 10 experiments (including one replicate at center point).
The monoterpenes peak areas were chosen as responses.
Essential oil constituents' determination
The optimized and validated method was applied to determine the content of major essential oil constituents obtained from five samples of A. zerumbet specimens: AZ1, AZ2, AZ3, AZ4 and AZ5. The absolute amount of 1,8-cineole, γ-terpinene and terpinen-4-ol was determined using the calibration curves described in the "Method validation" sub-section. The relative amount of sabinene was determined from γ-terpinene calibration curve. These amounts were expressed as content (in percentage) obtained from the mass of essential oil used in the sample preparation.
Results and Discussion
GC-MS preliminary analysis
The identity obtained from mass spectral analysis and the calculated LRI of each AZ1 essential oil constituent are summarized in Table 3 , and the components are reported according to the chromatography elution order in DB-5MS column. The GC-MS preliminary analysis of the essential oil provided the identification of 21 compounds using their LRI, their mass spectra and/or by co-injection with their authentic reference standards. The monoterpenes identified were classified as monoterpenes hydrocarbons and oxygenated monoterpenes.
Capillary column selection
The interaction of compounds with the stationary phase is an important factor for selecting the most suitable chromatographic column for GC method development and optimization. The system of constants introduced by Rohrschneider 23 was the first approach employed to measure the polarity and/or selectivity of the GC stationary phases. It is based on the difference between retention indices calculated for a constituent in two stationary phases: a phase of interest and a non-polar phase. The stationary phase chosen as reference is nonpolar, thus, the difference between retention indices is equivalent to the contribution from polar interactions. 28 The McReynolds constants were derived from the Rohrschneider method and were created to evaluate the phase constants numerically. Those constants allow expressing the polarity of the stationary phase using reference compounds. Both systems (Rohrschneider and McReynolds) are based on the Kovats retention indices and use squalane as reference stationary phase. 29 Polarity phase constants were calculated in this report for determining the suitability of different capillary columns for the analysis of monoterpenes. LRI were used instead of Kovats retention indices, since a temperature program was applied. Although there are other versions of retention index expression for methods with oven temperature programs, the LRI is more frequently used by the scientific community. The 100% dimethyl-polysiloxane (DB-1 column) was chosen as reference stationary phase because it interacts strictly through non-polar interactions. By definition, the polarity phase constants of DB-1 were considered 0 because it was the reference phase.
Monoterpenes interact with non-polar stationary phases (DB-1) by dispersive forces. However, most monoterpenes are unsaturated hydrocarbons or have an oxygen atom, as hydroxyl or carbonyl group, and the presence of phenyl and/or cyanopropyl groups on the stationary phase allows them to interact with the column by additional mechanisms, such as donor acceptor forces, induction forces and/or orientation forces, including hydrogen bonds. 30 The addition of interaction mechanisms could improve the elution of monoterpenes by improving the compound's peak shape, resulting in better separations. This addition of interaction mechanisms could be reflected by the increase of polarity phase constants, therefore, these constants were calculated for five different columns using AZ1 monoterpenes. The polarity phase constants were expressed as average values for monoterpenes hydrocarbons and oxygenated monoterpenes of the AZ1 essential oil. Figure 1 shows charts with those results.
For monoterpenes hydrocarbons, as the amount of groups capable of interacting by polar forces increases, phase constants for this group also increase until a certain limit. After this limit phase constants fall as shown in Figure 1a . The same behavior was found for oxygenated monoterpenes, the only difference being that DB-1701 and DB-35 gave similar results as shown in Figure 1b . As proposed above, the polarity phase constants increased as the amount of phenyl or cyanopropyl groups in the stationary phase increases from DB-5 to DB-35 column and resulted in an improved separation of monoterpenes, as can be seen in Figure 2 , comparing the analysis in DB-1701 and DB-35 using the same chromatographic conditions. However, DB-17ht column (50% phenyl groups) has a lower phase constant than DB-35 for both monoterpenes classes. This suggests that a balance must be reached between methyl and phenyl or cyanopropyl groups present in the stationary phase, since a large part of the monoterpenes chemical structure corresponds to saturated hydrocarbons. For A. zerumbet monoterpenes, DB-1701 (14% cyanopropyl groups) and DB-35 (35% phenyl groups) present the best balance between those groups. Consequently, both columns were selected for further testing by central composite design.
The other columns were not employed in the next steps of this report, since they presented poorer interactions with monoterpenes than DB-35 and DB-1701. In addition, DB-1 and DB-17ht presented asymmetric peaks with significant tailing (data not shown), confirming the poor interaction between these columns and monoterpenes shown by polarity phase constants.
Method optimization by central composite design
A first central composite design was performed, initially, with the goal of observing the monoterpenes separation in both DB-35 and DB-1701 in several chromatographic methods, and to help select the best column between them. The experimental factors selected were the initial oven temperature, the oven heating rate and the carrier gas flow rate based on the Zubair et al. 20 report. Table 1 shows each experiment performed. The resulting chromatograms showed that DB-1701 was not able to resolve several peaks in most experiments. DB-35 chromatograms also presented unresolved peaks but in far less experiments (data not shown). This fact demonstrated that DB-1701 is less suitable for the analysis of this essential oil, therefore, DB-35 column was selected. Figure 2 shows chromatograms obtained by the AZ1 essential oil analysis in DB-1701 and DB-35 columns, in the center point condition, pointing out the main coelutions in DB-1701 (Figures 2a and 2b) .
The second goal of this first design was to optimize chromatographic conditions to achieve the best separation and analysis time with DB-35 column. A mathematical modeling by response surface methodology was carried out using the results obtained. Figure 3 , revealed that all three factors were significant for the three responses. As observed in the prediction profile presented in Figure 4 , it was not possible to predict a baseline resolution between 1,8-cineole and p-cymene without impairing the resolution between myrcene and β-pinene peaks.
A maximum resolution of 1.41 was predicted for R s(cin-cy) while still keeping R s(my-pi) above 1.5. The best predicted conditions were: 60 o C of initial oven temperature, 5.2 o C min -1 of heating rate and 1.4 mL min -1 of carrier gas flow rate. In the experimental analysis with these conditions R s(cin-cy) and R s(my-pi) were 1.38 and 1.59, respectively, within the prediction range (Figure 4) . It was also observed that there is a tendency of R s(cin-cy) to increase in flow rates lower than 1.5 mL min -1 . This observation suggested that the desired separation could be obtained with a further central composite design. A reduction in the carrier gas flow rate could improve the resolution between 1,8-cineole and p-cymene peaks, without diminishing the resolution between myrcene and β-pinene peaks. Therefore, a second central composite design was generated using the same ranges and values employed in the first design for the initial oven temperature (60-80 o C) and heating rate (2.5-5.5 o C min -1 ). However, the maximum and the minimum values for carrier gas flow rate were reduced to 2.2 and 1.0 mL min -1 , respectively ( Table 2) . The prediction models (iv), (v) and (vi) were generated for each response and were obtained in codified values:
(iv) R s(my-pi) = 1. The results of this second central composite design are shown in Figures 5 and 6 . All factors were significant for the three responses.
It was not possible to obtain a condition in which the resolution R s(cin-cy) has value above 1.5, without decreasing (Table 4) . Figure 7 .
Method validation
The linear regression equations, determination coefficients, linear range, LODs, LOQs, the mean recovery and the relative standard deviation (RSD) for repeatability and intermediate precision are shown in Table 5 .
In all samples, selectivity evaluated by GC-MS peak purity analysis established the presence of just one compound in each peak. For linearity assessment the lack of fit test performed in each calibration curve was found to be non-significant and the residual plots showed homoscedasticity indicating good method linearity (data not shown). The linear range was corrected by the exact amount of weighted standard and the standard purity indicated by the manufacturer. The RSD for repeatability and intermediate precision were considered satisfactory. A t-test revealed that the monoterpenes content obtained from analyst 1 and analyst 2 was found to be non-significant (p > 0.05). Accuracy was evaluated by recovery assays and the results were considered satisfactory. Among the various Figure 6 . Prediction profile of the second central composite design modeling: R s(my-pi) is the resolution between myrcene and β-pinene peaks; R s(cin-cy) is the resolution between 1,8-cineole and p-cymene peaks; t is the analysis time. IOT stands for initial oven temperature; HR stands for heating rate; CGFR stands for carrier gas flow rate. approaches for LOD and LOQ measurement, the method based on the calibration curve linear regression was applied. For robustness, a factorial design with a small range was performed, the conditions of the optimized method being the center point. The objective of this design was to simulate small variations in the system that can affect the results. Figure 8 shows the bar charts with the significance of the main factors and the interactions effects. No factor was found to be significant and the method was considered robust.
Method application
In addition to the GC-MS preliminary analysis using DB-5MS column, a new GC-MS analysis was performed using DB-35 column and the optimized method. All AZ1 essential oil constituents identified in this preliminary analysis were also identified. With exception of LRI, the other methods of identification shown in Table 3 were used to confirm the terpenes identity. In DB-35, the peaks of p-cymene and limonene inverted their positions when compared to the DB-5MS analysis and an unknown peak appeared between them. The Wiley MS library suggested that this unknown peak is the monoterpene β-thujene (Figure 7 ). On the other hand, the elution order of the remaining peaks was the same between DB-35 and DB-5MS columns. The LRI were presented in Figure 5 for assisting future studies with AZEO using the DB-35 column. The other essential oils of AZ2, AZ3, AZ4 and AZ5 specimens presented the same peaks without changes in selectivity. Only the intensity of the peaks was different between these samples and AZ1 essential oil.
The optimized and validated method was applied to determine the content of sabinene, 1,8-cineole, γ-terpinene and terpinen-4-ol in five essential oil samples extracted from A. zerumbet leaves collected from specimens cultivated in neighboring regions. These monoterpenes were chosen for determination because they were the major constituents of AZEO samples. In addition, 1,8-cineole and terpinen-4-ol were already related as antihypertensive compounds of this essential oil. 10, 12 The validation calibration curves performed by GC-FID allowed the determination of absolute content of three of these major monoterpenes, 1,8-cineole, γ-terpinene and terpinen-4-ol. However, since sabinene is also a major component, its relative content was also determined from γ-terpinene calibration curve. The amount of these monoterpenes in five samples of AZEO is shown in Table 6 .
The four monoterpenes determined comprised at least 57% (m/m) of the samples investigated. With exception of sabinene, the other major monoterpenes are the same reported by other Brazilian studies. 9, 10, 13, 15 However, this result does not agree with those from Asia, which indicate camphor, 17 or p-cymene, 18 as the major constituent. Sabinene was reported in moderate amounts in some studies, 9, 10, 16 but not in such large amounts as found in this report. In addition, sabinene had the largest content variation among the samples. A study conducted by Murakami et al. 18 about the composition and seasonal variation of AZEO from Okinawa Island revealed that sabinene composition varied critically among the studied samples corroborating the results obtained here.
The great variation in the content of monoterpenes observed among essential oil samples obtained from plants of the same region, collected in the same climatic season, suggests that there are abiotic and biotic factors influencing the biosynthesis of these components. These results show the importance of performing a metabolomic study of AZEO to determine these factors and a suitable condition of cultivation for A. zerumbet that maximizes the biosynthesis of bioactive compounds.
Conclusions
This investigation examined six capillary columns with different stationary phases of increasing polarity for the analysis of A. zerumbet essential oil. The polarity phase constants calculated based on Rohrschneider and McReynolds reports proved to be an adequate tool for determining the suitability of the stationary phases, supporting column selection. This study also presented the development and optimization of a new analytical method applying statistical design of experiments for analysis of AZEO by GC-FID. DB-35 column proved to be the best column for this analysis. The use of central composite design allowed for the modeling of polynomial functions that were used to predict and optimize the GC-FID conditions. The optimized method obtained from DB-35 gave a total analysis time of 21.7 min and successfully separated the peaks of 1,8-cineole and p-cymene and the peaks of myrcene and β-pinene, whereas the other columns and conditions failed to resolve its coelutions. The method was further validated and was found to be selective, accurate, precise, linear across the analytical range and robust. The optimized and validated method was then applied and the content of sabinene, 1,8-cineole, γ-terpinene and terpinen-4-ol was determined in five samples of AZEO, comprising more than 57% of the oil. 
